In this randomized, experimental study in 18 pigs, we have investigated the effects of inspiratory air in oxygen, 100% oxygen and 50% nitrous oxide in oxygen on the detection and consequences of venous air embolism. Each animal was tested with injections of 1.0 ml kg 91 and 2.0 ml kg 91 of air. All animals, except one in the nitrous oxide group, survived the air emboli. Systolic and diastolic arterial pressures decreased significantly in all groups after both injections of air. Pulmonary diastolic pressures increased most in the nitrous oxide group. End-tidal concentration of carbon dioxide decreased significantly in all groups after air injections. The difference in concentration of oxygen in the inspiratory and expiratory gas (O 2 (I -E)) was lowest in the air group after both injections of air. On the basis of our studies we suggest that nitrous oxide should not be used during surgery associated with an increased risk of venous air embolism. (Br.
The incidence of venous air embolism (VAE) has varied from 6% to more than 30% in patients undergoing surgery in the sitting position [1] [2] [3] and episodes of VAE have also been reported during orthopaedic operations. 4 Suggested alternatives for maintenance of anaesthesia during posterior fossa surgery include volatile anaesthetics in 100% oxygen, in nitrous oxide in oxygen or in air in oxygen. [5] [6] [7] Using nitrous oxide may facilitate detection of VAE, 8 but on the other hand, nitrous oxide may increase the size of the air bubbles and may therefore be detrimental. However, Losasso and co-workers 7 did not find any differences in the incidence of VAE in neurosurgical patients receiving 50% nitrous oxide in oxygen or 100% oxygen as part of isoflurane and fentanyl-based anaesthesia.
In a previous experimental study we demonstrated a decrease in airway compliance and an increase in pulmonary diastolic pressure after VAE during ventilation with 100% oxygen. 6 Simultaneous administration of nitrous oxide may further increase pulmonary vascular resistance in the case of VAE.
Therefore, in this randomized, experimental study in pigs, we investigated the effects of three different mixtures of inspiratory gases, one of which included 50% nitrous oxide, on the detection and consequences of air embolism.
Materials and methods
The study was approved by the Animal Use and Care Committee of the hospital. We used 18 domestic pigs, weighing 17-22 kg, and the animals were unpremedicated. A vein on one ear was cannulated and Ringer's acetate was given i.v. Glycopyrronium 10 g kg 91 was administered and anaesthesia was induced with a sleep dose of thiopentone. Pancuronium 0.2 mg kg 91 was used to facilitate tracheal intubation. Before instrumentation, fentanyl 5 g kg 91 was given. Anaesthesia was maintained with isoflurane and nitrous oxide in 50% oxygen (six animals, nitrous oxide group), 100% oxygen (six animals, oxygen group) or 50% oxygen in nitrogen (six animals, air group). The concentration of isoflurane was adjusted to produce 0.7 MAC in a pig. The gas mixture used was selected randomly. Pancuronium, in 1-mg increments, was given as needed to maintain the animal paralysed throughout the experiment. The anaesthetic technique was similar to that used in patients undergoing surgery in the sitting position.
The ventilator used was a Servo 900C (Siemens Elema, Sweden). The inspiration-expiration flow ratio was set to 25% and the pause time to 10%. Ventilatory frequency was set to 20 bpm and tidal volume was adjusted to maintain Haemodynamic and ventilatory variables were recorded at the end of and 30 s after injection, and then at 1-min intervals for 10 min and every 2 min for another 10 min. The ratios of systolic arterial and pulmonary pressures were calculated after both injections of air to evaluate the magnitude of changes in pulmonary pressures at the time of ensuing circulatory collapse.
Each animal was tested with two injections of air. The volumes and order of injections were 1.0 ml kg 91 and 2.0 ml kg 91 and they were given 50 min apart. The doses used were based on our previous study. 6 After the experiment, the animals were killed with a toxic dose of barbiturate and i.v. injection of air 10 ml kg
91
. Data were analysed using ANOVA. If significant differences were observed, the Fisher PLSD test was used for post hoc analysis. The results are presented as mean (SEM). P : 0.05 was considered statistically significant.
Results
All animals, except one, survived the air emboli; in one pig in the nitrous oxide group, 8 min after injection of 2.0 ml kg 91 of air, electromechanical dissociation was noted. No attempt was made at cardiopulmonary resuscitation and the results obtained after injection of 2.0 ml kg 91 of air in this animal were omitted from the analysis.
After injection of 1.0 ml kg 91 of air, systolic and diastolic arterial pressures decreased significantly in all groups and returned to baseline values within 5 min (table 1). After injection of 2.0 ml kg 91 of air, a significant decrease in systolic and diastolic pressures was observed in all groups at 30 s after the end of injection (table 2) . At 16 min, systolic arterial pressure increased to a significantly higher level in the nitrous oxide group compared with the other groups (122 (6) mm Hg in the air group, 126 (7) mm Hg in the oxygen group and 156 (15) mm Hg in the nitrous oxide group; P : 0.05). The difference between the groups persisted to the end of the study period.
Pulmonary diastolic pressures increased after injection of air and the highest pressures were observed in the nitrous oxide group ( fig. 1 ). The ratios of systolic pressures were highest in the nitrous oxide group after injection ( fig. 2 ).
In the oxygen group, heart rate decreased from 140 (12) to 125 (13) beat min 91 at 30 s (P : 0.05) after injection of 1.0 ml kg 91 of air, and remained at this level until the end of the first study period. No significant changes were noted in the other groups. After injection of 2.0 ml kg 91 of air, changes in heart rate were not significant until 10 min, when heart rate had increased from 155 (7) to 194 beat min 91 in the nitrous oxide group (P : 0.05). At 8 min, heart rate was significantly higher in the nitrous oxide group than in the other groups (147 (15) beat min 91 in the air group, 136 (13) beat min 91 in the oxygen group and 194 (17) beat min 91 in the nitrous oxide group; P : 0.05). Heart rate remained significantly higher to the end of the study in the nitrous oxide group.
End-tidal concentration of carbon dioxide decreased significantly in all groups at 30 s after injection of 1.0 ml kg 91 of air and immediately after injection of 2.0 ml kg 91 of air ( fig. 3 ). There were no significant decreases in arterial saturation of oxygen after injection of 1.0 ml kg 91 of air. After injection of 2.0 ml kg 91 of air, 2 O p S decreased from 100% to 77 (5) % in the nitrous oxide group (P : 0.01 between nitrous oxide and other groups). In the air group, the lowest observed 2 O p S value was 88 (7) % at 5 min (P : 0.05 compared with p S impossible. The difference in concentration of oxygen in the inspiratory and expiratory gas (O 2 (I 9 E)) was lowest in the air group after both injections of air ( fig. 4) .
Changes in airway compliance were similar in all groups. After injection of 1.0 ml kg 91 of air, compliance decreased from 21 (2) to 19 (2) ml cm H 2 O 91 in the air group at 5 min (P : 0.05), from 20 (2) to 19 (2) ml cm H 2 O 91 in the oxygen group at 30 s (P : 0.01) and from 20 (1) to 17 (1) ml cm H 2 O 91 in the nitrous oxide group at 1 min (P : 0.05). After injection of 2.0 ml kg 91 of air significant changes occurred at 30 s, and were from 18 (2) to 16 (3) ml cm H 2 O 91 (P : 0.01), from 17 (2) to 16 (2) ml cm H 2 O 91 (P : 0.05) and from 16 (2) to 14 (1) ml cm H 2 O 91 (P : 0.05) in the air, oxygen and nitrous oxide groups, respectively.
Discussion
The haemodynamic changes after VAE were slightly smaller than those noted in our previous study, in which three doses of air were injected into the right atrium at 50-min intervals. 6 In this study, air was injected via a peripheral vein in an attempt to better mimic an air embolism during craniotomy. Furthermore, we evaluated only the effects of two doses of Figure 3 Changes in end-tidal concentration of carbon dioxide (CO 2 ) after injection of air: air group 1.0 ml kg 91 (G) and 2.0 ml kg 91 ( ) of air, respectively; oxygen group, 1.0 ml kg 91 (I) and 2.0 ml kg 91 ( ) of air, respectively; nitrous oxide group, 1.0 ml kg 91 (᭢) and 2.0 ml kg 91 (᭞) of air, respectively. 0 : Baseline, E : immediately after the end of injection of air. There were significant decreases after injection of 1.0 ml kg 91 of air (P : 0.001) from 30 s to 7 min in the air group, to 14 min in the oxygen group and to 9 min in the nitrous oxide group. Values returned to baseline at 12 min in the air and nitrous oxide groups. In the oxygen group, there were significant differences (P : 0.05) at 20 min compared with baseline. Differences between the groups: P : 0.05 between the air group and nitrous oxide group at 1, 2, 3, 6 and 8 min, and between the air group and other groups at 4 and 5 min. There were significant decreases after injection of 2.0 ml kg 91 of air: in the air group, P : 0.05 at 8 min, P : 0.001 from E to 7 min; in the oxygen group, P : 0.05 at 14 and 16 min, P : 0.01 at 12 min, P : 0.001 from E to 10 min; in the nitrous oxide group, P : 0.05 at 10 min, P : 0.01 from E and 9 min, P : 0.001 from 30 s to 8 min. Values were lowest in the nitrous oxide group: P : 0.05 at 30 s and at 9 min, P : 0.01 from 1 min to 8 min. Figure 2 Changes in systolic pressure ratios after injection of air: air group 1.0 ml kg 91 (G) and 2.0 ml kg 91 ( ) of air, respectively; oxygen group, 1.0 ml kg 91 (I) and 2.0 ml kg 91 ( ) of air, respectively; nitrous oxide group, 1.0 ml kg 91 (᭢) and 2.0 ml kg 91 (᭞) of air, respectively. 0 : Baseline, E : immediately after the end of injection of air. There were significant increases after injection of 1.0 ml of air (P : 0.05) in the nitrous oxide group immediately after injection of air (E) and in all groups at 30 s (P : 0.001). Values returned to baseline at 9 min in the air group, 16 min in the oxygen group and 7 min in the nitrous oxide group. There were significant differences between the groups: P : 0.05 at E, 3 and 5 min, oxygen vs nitrous oxide groups; P : 0.001 at 30 s, 1 and 2 min, and P :0.05 at 4 min, nitrous oxide vs other groups. After injection of 2.0 ml kg 91 of air, there were significant increases at the end of injection: P : 0.001 in the air and nitrous oxide groups immediately after the end of injection (E), P : 0.01 in the oxygen group at E and P : 0.001 at 30 s. Values returned to baseline at 12 min in the air group, at 8 min in the oxygen group and at 16 min in the nitrous oxide group. There were significantly higher values in the nitrous oxide group: P : 0.05 from E to 3 min, at 5 min, and from 9 min to 12 min, P : 0.01 from 6 min to 8 min. Figure 1 Changes in pulmonary diastolic pressure after injection of air: air group 1.0 ml kg 91 (G) and 2.0 ml kg 91 ( ) of air, respectively; oxygen group, 1.0 ml kg 91 (I) and 2.0 ml kg 91 ( ) of air, respectively; nitrous oxide group, 1.0 ml kg 91 (᭢) and 2.0 ml kg 91 (᭞) of air, respectively. 0 : Baseline, E : immediately after the end of injection of air. There were significant increases after injection of 1.0 ml kg 91 of air (P : 0.001) in the air group and nitrous oxide group immediately after the end of injection (E), and in the oxygen group at 30 s. Values returned to baseline at 18 min in the air group and at 14 min in the oxygen and nitrous oxide groups. There were significant differences (P : 0.05) between the oxygen and nitrous oxide groups from baseline to 18 min and significant increases after injection of 2.0 ml kg 91 of air in the air group (P : 0.001) from immediately after the end of the injection (E) to 12 min, in the oxygen group (P : 0.001) from E to 8 min, and in the nitrous oxide group (P : 0.01) at E, and again from 3 min to 12 min. There were significantly lower values in the oxygen group (P : 0.05 or P : 0.01) from baseline to 1 min, and from 4 min to 16 min. air, thus the cumulative effect of VAE was expected to be less evident. Our previous results suggested that some air can remain in the pulmonary circulation thus creating cumulative effects of two air emboli. 6 It has been suggested that 50% nitrous oxide in the inspiratory gas mixture can be used safely provided it is discontinued after VAE has occurred. 7 We did not include discontinuation of nitrous oxide in our study design because in a clinical situation diagnosis of VAE can be delayed or missed. Furthermore, even if VAE is diagnosed promptly, nitrous oxide cannot be washed out immediately.
We observed marked increases in pulmonary pressures after VAE, consistent with previous results. 6 The changes were most prominent in animals receiving nitrous oxide. Similar changes have been observed after venous carbon dioxide embolism in experimental animals. 9 The increase in pulmonary pressures in this study not only reflected changes in pulmonary vascular resistance, but also mechanical block caused by air embolism. Cardiac output was not measured in this study because injection of air (which conducts heat poorly) would have affected the thermodilution technique.
The small haemodynamic changes after VAE in the oxygen group suggested that the use of 100% inspiratory oxygen is preferable to oxygen in air when there is increased risk of VAE during surgery.
A study be Vik and co-workers demonstrated that when VAE exceeds a certain threshold volume, breakthrough of air from pulmonary arteries to the systemic circulation occurs. 10 The volumes used in their study were comparable with those we injected. Even small bubbles of air may be detrimental in end arteries and nitrous oxide aggravates these effects by enlarging the size of the bubbles.
Changes in the inspiratory to expiratory end-tidal oxygen difference in healthy subjects are not dependent on cardiac output but on ventilation and metabolism. 11 In our earlier report, oxygen extraction diminished progressively with VAE. 6 In the present study, the changes were greater in the nitrous oxide and oxygen groups than in the air group. We used a constant minute ventilation and metabolism can be assumed to be similar in the animals. Thus we speculate that our observations are in part related to greater oxygen reserves in the oxygen group resulting in decreased uptake of oxygen when acute VAE caused diminished gas exchange. The difference between the nitrous oxide and air groups may be a manifestation of a greater decline in the gas exchange capacity in the former group, probably as a result of enlarged air bubbles.
In summary, on the basis of our studies we suggest that nitrous oxide should not be used during surgery associated with an increased risk of venous air embolism.
